The infrared properties of barium stars are studied using published data in the K band and from IRAS. At 12 and 25 mm the emission from barium stars shows no excess over photospheric emission. Thus the claim made by Hakkila that some barium stars show evidence of the presence of warm (,300 K) circumstellar material is not supported. The 60-mm properties of barium stars are studied using survival analysis methods, and it is found that very few (3.7^2.6 per cent) barium stars exhibit far-infrared excesses. Furthermore, it is found that the incidence of excess emission at 60 mm is lower in barium stars than for normal G and K giants. This may indicate that the mass-transfer event that is assumed to have taken place in barium stars has removed any cool circumstellar material that may have existed in these systems. Alternatively, it is suggested that the incidence of infrared excesses in normal G and K giants may have been over-estimated as a result of not fully accounting for foreground contamination by interstellar cirrus.
I N T R O D U C T I O N
Since the discovery by McClure, Fletcher & Nemec (1980) that barium stars seem to be members of binary systems, the widely accepted model for the formation of barium stars is that they have been enriched in s-process elements following a mass-transfer event. The problem that barium stars had posed of being not sufficiently evolved to have generated and dredged up s-process elements was resolved by attributing s-process nucleosynthesis to the asymptotic giant branch (AGB) stage of a more evolved companion. In what has now become the accepted view of the formation of barium stars, enriched material from the companion is transferred to the star that is now observed as a barium star. There is on-going debate as to the exact nature of the mass-transfer episode, and suggested mechanisms involve stellar winds, Roche lobe overflow or a stage of common-envelope evolution (for a discussion of mechanisms, see Han et al. 1995) . Despite this uncertainty, the observed binarity of barium stars and positive results in searches for ultraviolet signatures from white dwarf companions (Böhm-Vitense, Nemec & Profitt 1984; Böhm-Vitense et al. 2000) are evidence in support of the mass-transfer hypothesis.
Other evidence to support the mass-transfer hypothesis was put forward by Hakkila (1989) , who suggested that a remnant of the material that was ejected by the more evolved star might be observable as an infrared excess in the spectra of barium stars. Hakkila carried out an N-band photometric study of a sample of 33 barium stars, from which it was claimed that four stars showed an excess of greater than 0.2 mag. This excess was interpreted as a cloud of circumstellar material at T , 300 K. This study appears to be the only published result regarding circumstellar material in barium stars, with the exception of a study of the eclipsing barium star HD 46407 by Jorissen, Manfroid & Sterken (1992) . These authors claimed that colour changes during eclipse could be attributed to the presence of circumstellar dust in this system.
The fact that barium stars were originally classified as G or K giants with luminosity class III seems now to be a selection effect. One consequence of the mass-transfer model is that transfer of s-process enriched material should not be dependent on the spectral or luminosity class of the star that becomes enriched. It is now becoming evident that a range of luminosity classes is evident within samples of barium stars (Messenier et al. 1997) . Furthermore, a similar process of heavy element enrichment by mass transfer is also believed to have occurred in extrinsic S stars (see e.g. Jorissen et al. 1993) . These are distinct from intrinsic S stars in which enrichment is due to dredge-up of newly formed s-process elements. An observational feature which discriminates between the two types of S star was discovered by Jorissen et al. (1993) , who found that the intrinsic S stars show excess infrared emission, while extrinsic S stars appear to have infrared emission that is purely photospheric. These authors interpreted this result as evidence that intrinsic S stars are currently undergoing significant mass loss, leading to excess emission from circumstellar material. The lack of any excess in extrinsic S stars reflects a proposed short lifetime of circumstellar material in these systems; a view that is strengthened by the observation that, unlike intrinsic S stars, these stars are Tc-deficient.
It would appear that there is a conflict between the earlier work of Hakkila (1989) , who claims some infrared excesses, and the view that, by analogy with extrinsic S stars, barium stars are likely to have bare photospheres. One aim of this work is to establish which of these two views applies to barium stars.
However, in determining whether any observed excess is related to the barium star phenomenon, a comparison must be made with normal stars that have the same spectral and luminosity classes as barium stars. The majority of barium stars are G and K stars of luminosity class III, but it has been established by studies by Zuckerman, Kim & Liu (1995) and by Plets et al. (1997) that normal G and K giants also exhibit infrared excesses. Plets & Vynckier (1999) provided a detailed statistical analysis of the distribution of 60-mm excesses in G and K giants, from which it was concluded that 14^5 per cent of these stars exhibit excesses. A second aim of this study is to compare the infrared properties of barium stars with those of normal G and K giants
The largest and most complete data sets that can be used for a systematic study of the mid-and far-infrared properties of barium stars are those arising from the sky surveys carried out using the Infrared Astronomical Satellite (IRAS ). IRAS surveyed 96 per cent of the sky in wavelength bands centred at 12, 25, 60 and 100 mm, and provided data which have been used to investigate circumstellar material in a wide variety of circumstances. For instance, the infrared properties of stars during the late stages of stellar evolution were studied by van der Veen & Habing (1988) In this work, the infrared properties of barium stars are studied. Section 2 provides a description of the data sets used for this study. Section 3 describes the mid-infrared (up to 25 mm) properties of barium stars. In Section 4, survival analysis techniques are applied to determine whether barium stars show any evidence for farinfrared (60 mm) excesses. The results of these studies are discussed in Section 5.
DATA SETS
The catalogue of barium stars used for this study was that of Lü (1991) . This catalogue of 389 stars is an extension of earlier catalogues by Lü et al. (1983) and MacConnell, Frye & Upgren (1972) . The mid-and far-infrared data were obtained from the IRAS Point Source Catalog (PSC, Beichman et al. 1988 ) and the IRAS Faint Source Catalog (FSC, Moshir 1990 ). The FSC data offer an improved sensitivity over the PSC data, but are restricted to jbj . 108. While this restriction in Galactic latitude serves to reduce the problem of contamination from foreground interstellar cirrus at far-infrared wavelengths, it also dramatically reduces the number of sources that have published K-band magnitudes. Consequently, the following approach has been adopted: the infrared properties up to a wavelength of 25 mm are investigated using PSC data; the behaviour at 60 mm is studied using FSC data. The identification of Lü (1991) catalogue sources with the PSC and FSC identifications was carried out using the SIMBAD data base.
The definition of magnitude adopted for the IRAS data follows the convention adopted by other workers (e.g. Oudmaijer et al. 1992) . The magnitude in the wavelength band i (12, 25 or 60 mm) is defined as ½i ¼ 2:5log½K i f n;i ð0:0 magÞ/ f n;i ; where f n,i is the flux per unit frequency interval in the band i. The fluxes corresponding to zero magnitude, f n,i (0.0 mag), in each band are 28.3, 6.73 and 1.19 Jy at 12, 25 and 60 mm, respectively (see Beichman et al. 1988 , section C.2.a). The term K i is the colour correction for the band i; in this case all fluxes have been colourcorrected assuming that the source spectral distribution is a blackbody at a temperature of 10 000 K. The colour corrections are 1.45, 1.41 and 1.32 at 12, 25 and 60 mm, respectively (see Beichman et al. 1988, table VI.C.6) .
While it would be desirable to be able to subdivide the sample on the basis of luminosity class or Ba index, the number of Lü (1991) stars in this study that were found to have IRAS identifications was too low to justify such an approach. It should be cautioned then that the barium stars in the sample are an inhomogenous group with respect to evolutionary status and the strength of s-process element enrichment.
PROPERTIES AT 12 AND 25 mm
The claim by Hakkila (1989) regarding mid-infrared excesses in barium stars can be readily tested using IRAS catalogue data, provided that data are available for a photometric band that provides a reliable measure of photospheric emission. The visual photometric bands of barium stars are subject to spectral peculiarities (Bond & Neff 1969) , making them unsuitable for use as a measure of photospheric emission. Furthermore, these spectral peculiarities make it difficult to estimate the degree of interstellar reddening using the usual (B 2 V) approach. The K band would seem to be the most suitable for measurements that provide a good measure of the photospheric emission, since it is believed that barium stars show no peculiarities in their K magnitudes (Hakkila & McNamara 1987) , and because the effects of unknown reddening would be negligible at these wavelengths. Assuming then that K-band data provide a reliable measure of photospheric emission, mid-infrared excesses over photospheric emission should be evident from the K -[12] and K -[25] colours of the stars in the sample.
The 2-mm data originated from the following sources: the Two Micron Sky Survey (Neugebauer & Leighton 1969) , Johnson et al. (1966) , Lee (1970) and Glass (1974 Glass ( , 1975 . In several cases K magnitudes that are available from the SIMBAD data base do not have a reference to published surveys or catalogues, but these data were assumed to be reliable and were used. It was also assumed that any systematic differences between sets of K data are small with respect to the uncertainties introduced when these data are combined to form colours using IRAS data.
The IRAS data used in this case were taken from the IRAS PSC. The number of Lü (1991) sources that have good quality (Fqual ¼ 3) in 12-and 25-mm fluxes is 91. The number of these that have published K magnitudes is 44. According to the spectral classification given by Lü (1991) , this set comprises 14 G, 21 K and 9 M stars.
The ( [25] . The figure also shows (solid line) the predicted line for emission from a blackbody, with temperatures of 6000, 5000, 4000 and 3000 K indicated. For the purposes of plotting this pure photospheric line, it has been assumed that the flux density corresponding to K ¼ 0.00 mag is F l ¼ 673 Jy (Wamsteker 1981) . The colour -colour data cluster around the blackbody line corresponding to temperatures of about 3800-5000 K. This corresponds well to the expected temperatures of these stars. The M-type stars are distributed at somewhat lower temperatures than G and K spectral types. There is, however, no clear distinction between G and K spectral types.
The
) colours of the sample correspond well to being purely photospheric colours. Within the estimated uncertainty of the K 2 [12] and K 2 [25] colours, the majority of stars lie on the blackbody line. In interpreting this colour -colour diagram, it is useful to note that the excess caused by re-emission by any material that is cooler than the stellar photosphere will result in a colour that lies above and to the right of the photospheric point on the blackbody line. As an illustration of the sensitivity of this test to the presence of circumstellar material, Fig. 1 also shows (dashed line) the expected colours for a star in which 1 Â 10 24 of the stellar luminosity is re-radiated by large (blackbody) grains at a temperature of 300 K.
The stars that lie furthest from the blackbody line are HD 83548
. HD 30834 lies below the blackbody line. HD 83548 shows an excess which could arise from a cool component of emission, but the deviation from the blackbody line is only at the level of about two standard deviations. Hence it is concluded that there is no evidence that there is any significant excess at 12 or 25 mm, and that at these wavelengths the emission from this sample of barium stars can be attributed purely to photospheric emission.
PROPERTIES AT 60 mm
While barium stars do not seem to have any measurable infrared excess at 12 and 25 mm, it is possible that circumstellar material could be revealed by excesses at longer wavelengths. Indeed, data from the 60-mm band have been of extensive use in detecting the presence of circumstellar dust around a wide variety of stars (see e.g. van der Veen & Habing 1988) . However, there are particular problems in using 60-mm data from IRAS. First, the accuracy of photometry of objects close to the galactic plane is somewhat compromised by an instrumental effect that led to systematic errors in photometry as the detectors passed over the galactic plane. Secondly, at low galactic latitudes, emission from cirrus can contaminate point source measurements.
The 60-mm properties of barium stars have been studied using data from the IRAS FSC. The FSC is limited to regions with |b| . 108, essentially to avoid problems associated with measurements close to the galactic plane. Fluxes at 60 mm can also be obtained by recourse to the IRAS scan data using the SCANPI facility at Infrared Processing and Analysis Center (IPAC). This was done as part of a preliminary study, but it was found that the data offered no significant improvement in sensitivity over the FSC data. However the FSC offers an advantage over data obtained using SCANPI in that upper limits to FSC fluxes are calculated at the 90 per cent level in a way that properly accounts for the noise associated with IRAS detector measurements. For this reason, and to ensure that a uniform approach is adopted between this work and other studies of giant G and K stars (such as Plets & Vynckier 1999) , the FSC data were used to obtain 60-mm fluxes or upper limits.
Of the 389 sources in the Lü (1991) catalogue, 188 are good quality (quality flag ¼ 3) FSC sources at 12 mm. Of these, 103 have measured fluxes at 25 mm, 75 of which are good quality and 28 moderate quality. Only those sources with good quality flux measurements at 12 and 25 mm were selected. Of these 75 sources, 46 have good (31 sources) or moderate (15 sources) quality flux In order to check whether the 60-mm measurements might be subject to contamination from foreground cirrus, two checks were made on each of these sources. First, the FSC data product called the cirrus flag was used as a discriminant. The cirrus flag records the number of '100 mm only' sources that are present within a 30-arcmin radius of the source position. A widely adopted convention is that values of the cirrus flag that are greater than 2 are taken to indicate that contamination from cirrus is likely. For these four 'excess' sources, the cirrus flags have values of 0 or 1. However, the absence of a high value of the cirrus flag is not in itself an indication that a source is free from contamination. As a second check, images from the IRAS Sky Survey Atlas (ISSA, available at http://irsa.ipac.caltech.edu/) around these sources were checked for any anomalous features. These maps are available at a resolution of about 4 arcmin at 60 mm. While the absolute calibration of surface brightness in these maps is subject to systematic uncertainties, the maps do provide a useful indicator of the presence of extended structure in the interstellar medium. Two sources, HD 67447 and HD 139195, are located in relatively featureless regions and are thus assumed to be free from contamination by cirrus. The other two sources, HD 125809 (which has b < 138) and HD 176524 (b < 258), reveal themselves to be located on narrow ridges of extended emission. Images of the 60-mm emission for a 18 Â 18 field around these stars are shown in Fig. 3 . In both cases, the slope of the ridge is estimated to correspond to a change in surface brightness of about 0.4 MJy sr 21 over a scale of approximately 5 arcmin. These ridges of emission have an extent of at least 10 arcmin and significantly, in both cases, many of the scans that contributed to the flux measurement are nearly perpendicular to the line of the ridge. One of the caveats to the interpretation of FSC data is that cirrus emission from narrow filaments that are orthogonal to the in-scan direction can result in false point sources (see Moshir 1990 , section III-G.7). The data processing used to generate the FSC involved median-filtering the data to remove the contribution from extended structures. In the case of the 60-mm band, the filter removes contributions from structure with angular scale greater than about 8 arcmin in the inscan direction. Hence narrow filaments can result in false point sources in the FSC, and if a genuine point source happens to lie on a narrow filament, the flux measurements at 60 mm are likely to be contaminated.
The excesses over expected photospheric emission that are observed in HD 125809 and HD 176524 correspond to 60-mm fluxes of approximately 0.3 and 0.1 Jy, respectively. Given that the . Since the ISSA maps around HD 125809 and HD 176524 show filaments with this level of surface brightness around the source positions, it seems very likely that the excess is due to contamination by cirrus. The view that this type of contamination has occurred is further strengthened on inspection of SCANPI data which reveal that the sources are located on somewhat broadened peaks of emission at 60 and 100 mm. On this basis it is therefore assumed that the 60-mm fluxes of HD 125809 and HD 176524 are contaminated by cirrus emission, and in the following analysis the flux measurements for these two stars are converted to upper limits.
The estimation of distribution functions using data that contain upper or lower limits has had a long history in medical and actuarial applications. Such techniques are termed survival analysis, and were first applied to astronomical problems by Avni et al. (1980) and independently by Feigelson & Nelson (1985) . Survival analysis utilizes the partial information provided by censored data in estimating a distribution function. For univariate data the distribution function can be found by using the Kaplan -Meier product-limit estimator (see Feigelson & Nelson 1985 and references therein) . In this case, the data set contains upper limits to fluxes at 60 mm, which transform to upper limits to [25]-[60] . It should be noted that the inclusion of upper limit data in the estimation of the distribution function changes the distribution function such that the probability of high values of [25]-[60] is diminished. Survival analysis thus serves to reduce the bias towards false excesses in distribution functions that is introduced when only positive detection data are used.
In order to allow comparison with other studies of the incidence of far-infrared excesses, the sample of 75 barium stars described above was filtered to retain only those of spectral type G and K, leaving a final sample size of 66 stars. Ideally, it would be preferable to restrict this sample even further, such that the final sample consists only of stars of luminosity class III. However, the luminosity classification of barium stars is somewhat uncertain because of their spectral peculiarities, and it was decided that no further subdivision of the sample should be made on the basis of luminosity class.
The Kaplan -Meier estimator for the distribution of [25] -[60] for this sample is shown in two forms in Fig. 4 . The cumulative probability distribution is shown by the filled circles in Fig. 4(a) , with the uncertainty associated with the distribution function indicated by solid lines. It should be noted that the Kaplan -Meier estimator is a step function that increases in value at every true detection. The distribution function is also shown in Fig. 4(b) , but, in order to compare how closely it matches a Gaussian distribution, the probabilities have been transformed to standard deviations using the inverse cumulative Gaussian distribution function. Shown in this way, a purely Gaussian distribution becomes a straight line, the gradient of which is the standard deviation of the distribution. In Fig. 4(b) the filled circles are positive detections and the empty diamonds represent upper limits. It can be seen that over the range of [25]-[60] from 20.3 to 10.2 the distribution is close to being Gaussian. The mean and standard deviation of this distribution (as determined by fitting a straight line to data up to a cumulative probability of 50 per cent) are 20.03 and 0.13, respectively. The mean and standard deviation are consistent with purely photospheric emission and the expected uncertainties associated with IRAS flux measurements.
For [25]-[60] . 0.3 the distribution function becomes nonGaussian and shows an excess in [25]-[60] . Of course, the exact description of this excess is given by the shape of the distribution function, but it can be characterized by quoting the expected fraction of stars that show a particular excess. Following the convention adopted by Plets & Vynckier (1999) for normal G and K giants, the excess level is defined here as [25]-[60] $ 0.6. For this sample of barium stars, the fraction showing a 60-mm excess is 3.7^2.6 per cent.
D I S C U S S I O N
The claim made by Hakkila (1989) that barium stars show infrared excesses that are indicative of warm (,300 K) circumstellar dust is not supported by this study. The K 2 [12] and K 2 [25] colours of sample of stars studied here are consistent with the mid-infrared emission being purely photospheric in origin, and confirm the similarity of barium stars to extrinsic S stars in terms of their infrared properties at 12 and 25 mm.
At 60 mm there is evidence for a small fraction (3.7^2.6 per cent) of stars showing an excess over the expected photospheric emission. This is significantly lower than the proportion of nonbarium G and K giants that exhibit 60-mm excesses, which Plets & Vynckier (1999) estimate to be 14^5 per cent. So, rather than finding evidence for far-infrared-emitting dust in barium star systems, this study shows that barium stars have a lower incidence of infrared excesses than do normal G and K giants. If it is accepted that the analysis of Plets & Vynckier (1999) is reliable, this result suggests that the mechanism that gives rise to far-infrared excesses in normal G and K giants is suppressed in the case of barium stars.
The origin of far-infrared excesses in stars that have evolved off the main sequence has been discussed in detail by Jura (1999) who explored three plausible mechanisms: emission from dust that has recently been ejected by the star; the heating of a cloud of interstellar dust through which the star happens to be passing; and the heating of dust that is in orbit around the star. The first of these mechanisms was considered by Jura (1999) and by previous workers such as Sopka et al. (1985) who noted that a star undergoing continuous mass loss should exhibit a prominent excess at 25 mm as well as at 60 mm. Such excesses at 25 mm are not observed in normal G and K giants (Zuckerman et al. 1995; Plets et al. 1997) , and hence it seems unlikely that this mechanism can be responsible for far-infrared emission.
The process in which the star is presently passing through a diffuse interstellar cloud (the 'cirrus hotspot' model) was considered by Jura (1999) to be viable for some, but probably not all, cases of far-infrared excess. This mechanism should be independent of the evolutionary history of the stars that are heating the interstellar dust, and so it would be expected that both normal G and K giants and a sample of barium stars should cause the same effect. The incidence of excesses may, however, depend on the distribution of these two populations of stars with respect to the distribution of the diffuse interstellar medium. The distribution of distances from the Galactic plane |Z| of the sample of G-and K-type barium stars discussed in Section 4 was determined using the distances provided by Messenier et al. (1997) . It was found that 66 per cent of stars in this sample lie within 100 pc of the Galactic plane. This is similar to the distribution of far-infrared excess stars identified by Zuckerman et al. (1995) and Plets et al. (1997) , who both found that about 70 per cent of these stars lie within 100 pc of the Galactic plane (Jura 1999 gives a summary of these distributions). Hence it appears that the difference in incidence between normal G and K giants and barium stars is unlikely to arise from a difference in distribution. The fact that barium stars show a reduced incidence of far-infrared excesses suggests that the 'cirrus hotspot' model can at most only be a minor effect, and not the main cause of excesses in normal G and K giants.
The remaining mechanism is one in which far-infrared emission arises from the heating of a cloud of orbiting dust. In particular, the process that is widely believed to be able to generate infrared excesses over a long time-scale is the so-called 'Vega phenomenon' (see Aumann et al. 1984; Backman & Paresce 1993) . In this scenario, a reservoir of dust is provided by a circumstellar cometary cloud. The low incidence of infrared excesses in barium stars follows naturally in this scenario, since it is likely that such a cloud would be destroyed when the more evolved companion to the barium star passes though the AGB phase or when a planetary nebula is formed. In this scenario the absence of dust in these systems arises from the destruction of the dust reservoirs rather from any direct destruction of grains. However a small percentage of the barium stars in this study do show excesses. Since the incidence is lower than for normal G and K giants, the simplest assumption would be that those systems that do show excesses are cases in which the far-infrared emission mechanism has not been entirely disrupted. Given that the Vega phenomenon is the most likely mechanism for far-infrared emission, then it seems probable that infrared excesses in barium stars have the same origin. While it is possible that far-infrared excesses in barium stars could arise from emission from a remnant of the mass-transfer episode, or that the 'cirrus hotspot' model may be a minor cause of far-infrared excesses, such additional mechanisms would seem to be a contrivance in the absence of further observational data. It is recommended that the two stars showing the greatest levels of far-infrared excess in this study, HD An alternative explanation for the difference in the incidence of infrared excesses between barium stars and normal G and K giants is that the frequency of infrared excesses in normal G and K giants may have been overestimated. In the analysis presented here, care has been taken to ensure that the methods of sample selection and statistical analysis very closely match the methods adopted in a previous study of normal G and K giants. In particular, this work has followed the approach taken by Plets & Vynckier (1999) in terms of selection criteria for the sample and the method of estimating the distribution function of [25] -[60] colour. The one aspect of this work that does differ markedly from Plets & Vynckier (1999) is the issue of dealing with suspected contamination by cirrus at 60 mm. Plets & Vynckier (1999) appear to have assumed that the restriction in |b| imposed by the use of the FSC would be sufficient to avoid the problem of cirrus contamination. In this study it has been found that narrow filaments of emission that run roughly perpendicular to the in-scan direction of IRAS are a significant source of contamination. Furthermore, this structure is not easy to detect from the FSC data products since it might not give rise to many far-infrared point sources close to the source of interest (i.e. the cirrus flag may be 0 or 1).
Clearly there is an issue to be addressed as to whether the analysis of the infrared excesses in normal G and K giants is also subject to a similar type of 'filament' contamination. The incidence of infrared excesses in post-main-sequence giants has been studied by several authors (Jura 1990; Zuckerman et al. 1995; Plets et al. 1997) , with varying results. It is notable that the work of Plets et al. (1997) involved rigorous testing for cirrus contamination. These authors compared the IRAS scan data of infrared excess sources with a point source template, and in cases of extended emission they inspected far-infrared surface brightness maps. By this process, these authors identified a significant number of cases of cirrus contamination. It is notable that Plets et al. (1997) estimate the incidence of far-infrared excesses to be about 8 per cent, which is somewhat lower than the value obtained in the analysis of Plets & Vynckier (1999) . It is possible that the higher incidence found in the latter study might be due to foreground contamination by cirrus. Further investigation is recommended, especially since such a study may help to resolve the conflict between the view that the Vega phenomenon is common in post-main-sequence stars (Plets & Vynckier 1999 ) and the results of Habing et al. (1999) that indicate that Vega-like dust reservoirs have a short lifetime and so should be rare in normal G and K giants.
